Maternal hypotension during gestation is associated with foetal brain malformations (1-3). The brain stem and midbrain are particularly vulnerable to severe maternal hypotension. Intrauterine hypoxic/ischemic injury as a result of reduced utero-placental blood flow has been linked to serious neurological deficits in the offspring including cranial nerve palsies, abnormal brain stem-evoked responses, and cerebral palsy (4). Furthermore, several case reports demonstrate facial limb hypogenesis syndrome (5), arthrogryposis multiplex (6), and paraplegia (7) associated with maternal hypotension. Therefore, cerebral hypoxic/ischemic injury in the foetus induced by maternal hypotension contributes to neonatal morbidity and mortality (8).
trauterine foetal brain by exploring cerebral hypoxic/ischemic injury at 48 and 96 hours after the induction of hypotension.
MATERIAL AND METHODS

Animals
Three-month-old female Wistar albino rats were included in this study. The animals were housed with a fertile male of the same strain and daily vaginal specimens were gathered to determine the first day of pregnancy, as indicated by the presence of sperm in the vaginal smears. Pregnant rats were randomised into four groups (n=5 for each) as follows: control 17 days (C17) (sham operation on the 17 th day of pregnancy); hypotension 17 days (H17) (hypotension on the 17 th day of pregnancy); control 19 days (C19) (sham operation on the 19 th day of pregnancy); and hypotension 19 days (H19) (hypotension on the 19 th day of pregnancy). Animals were housed under standard conditions at 21±2°C and 30-70% relative humidity, with a 12 h dark/12 h light illumination sequence (lights were on between 07.00 and 19.00 h) and ad libitum access to water and standard pellet rat chow. All animal experiments were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and approved by the Hacettepe University Institutional Ethics Committee for the Care and Use of Experimental Animals, Ankara, Turkey.
Experimental protocol
All surgical procedures were initiated from 09.00 to 10.00 h and carried out under anaesthesia with ketamine (90 mg/kg, intramuscular [i.m.], Richter Pharma GesmbH & CoKG, Wels, Austria) and xylazine (10 mg/kg, [i.m.]; Bayer AG. Leverkusen, Germany). Pregnant rats underwent surgery on the 15 th day of pregnancy (3, 10) . Body temperature was monitored with a rectal probe (BIOPAC SS6L, BIOPAC Systems Inc., California, USA) and maintained at 37°C by a heating lamp throughout the experiment. Heart rates were recorded by using ECG needle electrodes placed on the right and left forelimbs and left hindlimb. The right femoral artery was dissected free of the associated vein and nerve and a catheter filled with heparinised saline (100 U/mL) was inserted. The catheterised femoral artery was joined to a pressure transducer (BIOPAC SS13L, BIOPAC Systems Inc., California, USA), which was connected to a data acquisition/analysis system (BIOPAC MP30, BIOPAC Systems Inc., California, USA) to monitor blood pressure. After a 30-minute stabilisation period following catheterisation, systemic hypotension was induced by blood withdrawal (approximately 1 mL per 100 g body weight) within 5 minutes in hypotension groups, as described previously (10, 11) . As clamping of the uterine vasculature for 30 minutes was previously reported to be sufficient to cause damage in the foetal brain (12) , mean arterial blood pressure (MABP) was maintained at 50 mmHg for a period of 30 minutes. Thereafter, the withdrawn blood was slowly re-infused over 10 minutes and the surgical procedure was terminated. Control groups underwent the same procedure except for blood withdrawal and induction of hypotension. Rats were allowed to recover for either 48 hours (C17 and H17 groups) or 96 hours (C19 and H19 groups). On the day of sacrifice (i.e., on the 17 th or 19 th day of pregnancy), all the animals were anaesthetised as described above, abdomens were opened with a low midline incision, and one foetus was selected randomly from each pregnant rat and included in the H17, C17, H19, and C19 groups (n=5 for each). Foetuses were immediately decapitated; the brains were isolated and fixed for 48 hours in 10% buffered formaldehyde (Merck, Darmstadt, Germany), and embedded in paraffin according to standard procedures for histological examination. Mothers were sacrificed with anaesthesia overdose and exsanguination.
Histopathology and immunohistochemistry
Histopathological evaluation of brain sections was performed in the whole area from each coronal section at x100 and x400 magnification by two examiners blinded to the groups. Three major embryological brain areas, the metencephalon, diencephalon, and telencephalon, were examined in all sections. After fixation in 10% buffered formaldehyde, brain samples were processed according to the routine tissue processing technique and embedded in paraffin. For each animal, 10 serial 5-cm sections were stained with haematoxylineosin (H&E). The presence of tissue destruction, necrosis, and haemorrhage in the metencephalon, diencephalon, and telencephalon was investigated.
Apoptosis was detected by the terminal transferase-mediated dUTP nick end labelling (TUNEL) method (ApopTag Kit, Appligene Oncor, France) and caspase-3 activation, as described previously (13, 14) . In brief, slides were deparaffinised, hydrated in decreasing concentrations of ethanol, and incubated with 20 µg/mL proteinase K at room temperature for 15 minutes. Endogenous peroxidase was blocked in 3.5% hydrogen peroxide at room temperature for 10 minutes. After washing, nick-end labelling was carried out with terminal deoxynucleotidyl transferase (TdT) and digoxigenin-dUTP at 37°C for 1 hour. Thereafter, the sections were washed twice, blocked with 1% non-immune serum at room temperature for 1 hour, and incubated with peroxidase-conjugated anti-digoxigenin antibody (1:300). Visualisation was done with diaminobenzidine and background staining with methyl green. First, TUNEL (+) cells showing intense nuclear staining, shrinkage, peripheral condensation, and nuclear fragmentation were initially screened and identified at low magnification. Thereafter, all TUNEL (+) cells in the whole areas of the telencephalon, diencephalon, and metencephalon in 10 serial sections from each section were counted at x400 magnification by two examiners blinded to the groups. The mean of two examiners' counts was used for evaluation.
Activated caspase-3 immunoreactivity was detected by an immunostaining procedure on brain sections. In brief, slides were deparaffinised, hydrated in decreasing concentrations of ethanol, incubated with 10 mM sodium citrate buffer (pH: 6.0) for 30 minutes for antigen retrieval, rinsed, and incubated with 3.5% hydrogen peroxide at room temperature for 10 minutes. After washing, slides were incubated with 1% non-immune serum at room temperature for 10 minutes. Non-immune serum was removed and incubation with polyclonal rabbit anti-cleaved caspase-3 antibody (1:100; Oncogene, San Diego, USA) was performed overnight at 4°C. The next day, slides were washed and incubated with biotinylated secondary antibody (biotin-labelled goat anti-rabbit in phosphate-buffered saline, Zymed Histostain kit) at room temperature for 30 minutes. Following this step, sections were washed and incubated with streptavidin-peroxidase conjugate (streptavidin-conjugated horseradish peroxidase Balkan Med J, Vol. 31, No. 1, 2014 in phosphate-buffered saline, Zymed Histostain kit) for 30 minutes. After a final wash in phosphate-buffered saline, the peroxidase activity was visualised by incubating the specimens in diaminobenzidine. Haematoxylin was used for counterstaining. Negative control staining was performed by omitting the primary antibody step. Active caspase-3 (+) cells in the whole area from each section were counted at x400 magnification by two examiners blinded to the groups. The localisation of the cells was recorded as metencephalon, diencephalon, or telencephalon and the mean of two examiners' counts was used for evaluation.
Statistical analysis
MABP data are presented as mean±standard deviation (SD). SPSS 17.0 for Windows (SPSS Inc., Chicago, Illinois, USA) software was used for statistical analysis. The number of mothers and foetuses are indicated by N and n, respectively. Initial animal characteristics were compared by using one-way analysis of variance (ANOVA) followed by Tukey post hoc test. Pre-and post-hypotension MABP and heart rate were compared by using Student's paired t-test. Group comparison of histopathological data was performed by Kruskal-Wallis (for multiple groups) and Mann-Whitney U (for two groups) tests. Bonferroni correction was applied for multiple comparisons. Differences were considered significant at p<0.05 (two-tailed).
RESULTS
Animal characteristics
Body weights of the pregnant rats and the number of foetuses were comparable among the groups. Hypotension and control groups had similar initial MABP (Table 1 ). In the hypotension groups, MABP during the hypotensive period was significantly lower than in the pre-hypotensive period (Table 1) , confirming the successful induction of systemic hypotension.
Evaluation of apoptosis in brain sections
No macroscopic haemorrhage or necrosis was observed in brain tissues. Microscopic evaluation of H&E-stained sections revealed localised oedematous regions and necrotic cells in the periventricular area 96 hours after the induction of hypotension (H19 group) (Figure 1) . TUNEL (+) cells were detected in metencephalon, diencephalon, and telencephalon in the H17 group, whereas they were observed only in the telencephalon in the control counterparts (C17 group). Both C19 and H19 groups had TUNEL (+) cells in the metencephalon, diencephalon, and telencephalon. The number of TUNEL (+) cells in the metencephalon, diencephalon, and telencephalon was comparable in both hypotension and control groups ( Figure 2 , Table 2 ).
Active caspase-3 (+) cells were detected in the metencephalon and telencephalon in the H17 group and in the metencephalon in the C17 group. Interesting enough, apoptotic processes were not observed in the diencephalon at 48 hours after the hypotensive insult. On the other hand, both C19 and H19 groups had active caspase-3 (+) cells in all three examined areas, the metencephalon, diencephalon, and telencephalon ( Figure 3, Table 3 ), and differences did not reach statistical significance between the C19 and H19 groups. The regional comparison revealed a higher number of active caspase-3 (+) cells in the telencephalon compared with the metencephalon and diencephalon in the H19 group (p<0.05). The number of active caspase-3 (+) cells in the telencephalon in the H19 group was found to be higher compared with that in the same area of the H17 group (p<0.05). There was no significant difference in the number of active caspase-3 (+) cells in the diencephalon and metencephalon between the H17 and H19 groups. The number of active caspase-3 (+) cells in the metencephalon, diencephalon, and telencephalon was also comparable in both control groups (Figure 3 , Table 3 ).
DISCUSSION
Our findings demonstrated that transient maternal hypotension induced on the 15 th day of pregnancy accelerated apoptosis in foetal rat brains, particularly 96 hours after the hypoxic/ ischemic episode. The telencephalon was the most prominently affected region, as evidenced by a significantly higher number of active caspase-3 (+) cells. To the best of our knowledge, this is the very first study demonstrating increased apoptosis in intrauterine foetal rat brains after maternal hypotension. Irreversible cellular injury is defined either by necrosis or apoptosis (15) . Apoptosis is an active energy-requiring process (16) distinguished from passive necrotic changes resulting from acute and severe injury to tissues (17) by the presence of cell shrinkage, nuclear pyknosis, chromatin condensation, and genomic fragmentation, which can occur in the absence of an inflammatory response (18) . The differences between apoptosis and necrosis, besides energy dependence, are the requirement of time, and new gene transcription and translation in apoptosis (19) . However, in most cases a clearcut distinction between apoptosis and necrosis is not always possible, because both can be observed following hypoxic/ ischemic injury and may even proceed in parallel (20) . A number of factors have been suggested to determine whether damaged cells will undergo apoptosis or necrosis, including the cell type, state of maturation, availability of ATP, and the degree of injury (19) . Therefore, the pathogenesis of hypoxic/ischemic brain injury is complex. One of the main determinants of injury is most likely the age at the time of the insult (21) . It has been postulated that hypoxic/ischemic injury damages selected regions of the immature brain, particularly during the prenatal and neonatal stages (22) . In neonatal rats, focal (23) or global cerebral ischaemia (24) can trigger cell death by apoptotic processes. Thus, in immature brains apoptosis has been suggested as the main cellular response to hypoxic/ischemic injury, whereas in adult brains, the ratio of apoptotic to necrotic cells is in favour of the latter (9, 25, 26) . For example, 46 hours after the induction of focal cerebral ischaemia in adult rats, the ratio of apoptotic to necrotic cells was found to be 1/9, 1/6, and 1/13 in the ischemic core, and inner and outer boundary zones, respectively (15) . In line with the above reports, we also observed acceleration of apoptosis in immature foetal brains, particularly 96 hours after experiencing transient hypoxia/ischaemia due to systemic maternal hypotension. Since the cell cycle machinery is intimately linked to apoptosis in developing brains, particular sensitivity of dividing cells to apoptotic stimuli (27, 28) may offer an explanation for acceleration of apoptosis (rather than necrosis) in immature foetal brains. An inflammatory response is induced by hypoxic/ischemic injury, in addition to excitotoxic and oxidative responses in both immature and adult brains. Inflammation has been suggested to be one of the key components of cellular response to hypoxic/ischemic injury in neonatal brains with regard to affected regions and vulnerable cell types (21) . However, the immune system is not mature yet and developmental neuronal apoptosis is more active in the foetus compared with newborn. Therefore, the pattern of vulnerability to hypoxic/ischemic injury is expected to differ in foetal brains.
The duration and severity of hypotension may also contribute to the distribution of brain injury, as demonstrated by us and others (3, 10, 29, 30) . Clamping of the umbilical cord for 10 minutes caused an injury predominantly in the telencephalon region (29) ; shorter but repeated episodes (5 minutes, four times) of umbilical cord occlusion damaged the striatum (30) . In line with the above findings, in this study, induction of maternal hypotension for 30 minutes damaged mainly the foetal telencephalon. This period was chosen because clamping of the uterine vasculature for 30 minutes was shown to be sufficient to reduce learning ability in rat foetuses, which was associated with a reduction in nitric oxide synthase (NOS) mRNA and activity, confirming the brain damage functionally and molecularly (12) . Collectively, these data imply that the telencephalon may be the most prominently affected region after transient intrauterine hypoxic/ischemic injury. Because disruption of the telencephalon during the third trimester has been reported to cause multiple neurological impairments (31), accelerated apoptosis in the telencephalon may provide evidence that maternal hypotension during late pregnancy can be associated with future neurological morbidity such as cerebral palsy, cognitive delay, epilepsy, and behavioural problems.
As mentioned earlier, the timing of foetal perfusion failure is also important for perinatal cerebral injury. In human pregnancy, the last trimester has been reported to be the most critical period for the cerebral effects of foetal perfusion failure (3, 32) . To model this physiological phenomenon that occurs during the natural course of pregnancy, maternal hypotension was induced on the 15 th day of pregnancy in rats and we sacrificed animals on the 17 th day and 19 th day (late term) of the pregnancy, representing the last trimester of human pregnancy. In our previous study in which a similar hypotension protocol was used, we demonstrated increased apoptosis in newborn rat brains on postnatal days 1 and 28 (10) . Furthermore, increased apoptosis on postnatal day 28 was positively correlated with the impairment of spatial learning, highlighting the clinical significance of hypoxic/ischemic injury in late pregnancy. In the current study, we showed a progressive increase in apoptosis after hypotension, which was mediated via caspase-dependent pathways. Overall, these data suggest that the timing of foetal perfusion failure is one of the major contributors of cerebral hypoxic/ischemic injury.
In conclusion, the novel finding of this study is the accelerated foetal cerebral apoptosis within the intrauterine period. The potentially detrimental effects of increased apoptosis on foetal brain development and postnatal learning warrant further studies.
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